Caging and artificial dens.
The bears were brought directly to artificial dens that were located in a 3 x 1.8 x 2 m (l x w x h) steel bar cage. A smaller amount of bedding material from the bear's original den was supplied along with straw material for bedding. The dens were double walled boxes (2.5cm thick plywood and 5cm frame support between layers in corners) of two different sizes to accommodate both small and larger bears with inside dimensions (h x w x d) of 78 x 91 x 91cm (volume 645L) and 91 x 97 x 98 cm (865 L). They were insulated with 5 cm of Styrofoam between the two layers. The front had a 46 x 46 cm door opening that was fitted with a double-layered breakaway door sealed by weather stripping and kept in place by 4 screen door clamps. The door opening also had an inner curtain of transparent overlapping PVC flaps (typically used in cold storage rooms) that helped retain the air in the dens. One of these was destroyed by the female bear BB99-02. The door used for BB97-02 had 5x10cm double Plexiglas window. The door was replaced the next winter with one without a window. The dens were instrumented with receiving antennas for radio telemetry signals in the floor and one wall. One dipole antenna for 27MHz signals from the body core temperature transmitter and one loop antenna for AM signals from the biopotential transmitter were located on the outside of the inner plywood layer. The dipole antenna consisted of copper wire bent in to square with rounded corners following the shape of the box. The loop antenna was made out of multi-conductor cable with an aluminum screen. The conductors were soldered end to end to form a continuous loop. At one side opposite of the connection point the aluminum screen was removed and the conductors were exposed for 10 cm length. This antenna was also shaped into a square with rounded corners and mounted parallel to and outside the perimeter of the other antenna. The shield of the loop was connected to the shield of the connecting coax cable. Each den was further equipped with a single zone microwavebased movement detector centered in the ceiling (Clifford model 60-223. During the last year, one defective movement detector had to be replaced by a model 90-020204, TRC Right Connection Electronics Inc, Placenta, California, since the previous model was not available). These movement detectors are typically used in automotive burglar alarms. Den temperatures and ambient temperature were recorded with data loggers with external thermistors (Hobo model H08-002-02 or H08-006-04 Onset Computer Corporation, Bourne, MA). The last winter of the study each den was also equipped with a near visible infrared black and white video camera with built in infrared light source (Model V-1214-IR, Marshall Electronics Inc, El Segundo, CA) inserted in a angled 5cm PVC tube glued in place with silicone glue. A differential pressure transducer (Statham model PM97TC) was connected to one of the dens at a time to record breathing patterns by sensing the change in air pressure. Gas was sampled from the den through a T-shaped 5cm o.d. piece of PVC tubing exiting at the back of the dens, connected though a water trap, and led to an instrument hut about 40m away through insulated heat taped PVC tubing (1.7 cm i. d.). Coax cables for telemetry video and other signals was led to the instrument hut in 4 cm conduits or exposed on the ground.
Surgery
All surgeries were performed under sterile conditions. We immobilized bears as described above and with supplemental dosing of Ketamine ( 2-5 mg/kg intramuscular) if needed to maintain anesthesia, moved them to the surgery facilities, intubated and placed them on isoflurane anesthesia using a precision vaporizer and O 2 . We monitored ECG, rectal temperature and O 2 saturation throughout the procedures. Two transmitters were implanted; For BB92-01, BB97-01 and BB97-02 both the 27MHz core body temperature (T b ) transmitter and the biopotential transmitter were implanted during the same surgery. For BB99-01 and BB99-02 due to practical reasons the T b transmitter was first implanted during a minor surgery, and then the biopotential transmitter was implanted during the main surgery. Unknown to us at the time, BB99-02 was most likely pregnant during the surgeries, however there is no evidence that anesthetics or other drugs used could have been the cause of the congenital diaphragmatic hernia and death of the cub shortly after birth in the beginning of February. BB92-01 also received an additional 150MHz T b transmitter (Telonics Model IMP/400/L transmitting at 148.550 MHz). Abdominal transmitters were implanted though a 75 mm incision, the linea alba, exposed, and an incision was made into the peritoneum. An abdominal transmitter was pushed into the lower right quadrant. For the last two winters, two data loggers (TidBit Stowaway model TBICU32-05+44, Onset Computer Corporation) that had been potted with Elvax ® were also inserted as backup to the transmitter. Linea alba was closed using 0 chromic gut in a simple interrupted pattern; subcutis was closed using 20 Dexon™ (or Vicryl) in a simple continuous pattern; the skin was closed using 20 Dexon™ (or Vicryl) on a cutting needle in a subcuticular pattern. The biopotential transmitter (TL-10M4-D70-EEET, Data Sciences International) was implanted subcutaneously in the dorsal shoulder area. Two EMG leads were tunneled to the deltoid muscle area and left in place without suturing to the muscle. Paired EEG and EOG leads were tunneled to the head. The EEG leads were secured in place with stainless steel bone screws that penetrated the scull only and not dura. BB99-01 was implanted with a model TL-10M4-D70-CCP transmitter instead without EOG leads. In the present paper we only report data from the EMG/ECG leads.
Respirometry and telemetry analysis
Continuous recording of O 2 consumption as a measure of metabolic rate was performed on bears during the second and third winter. Air from each den was drawn a rate of 10-18 L/min .through a filter and then a mass flowmeter (model H-10K-ALL-10KP, Teledyne Hastings-Raydist, Hampton, VA) by rotary vane pumps based on industrial vacuum cleaner motors controlled by variable transformers. A 200-400 ml/min subsample was drawn by subsample pumps after the mass flowmeter, pushed through filters and rotameters for flow monitoring, and a 500ml tube with CaCl 2 desiccant into a distribution tube made from a 50 ml syringe. A similar subsampling system was drawing reference air through a sampling tube from outside the instrument hut. Gas to the analyzers was drawn from the distribution tubes through two 3-way solenoid valves (model 330-C-5/32-F-SS-1/4, Burkert, Orange CA) interfaced through solid state relays to a computer, one valve switched gas collection between the two animals every 5 min; the second valve connected in series selected between air from an animal or reference air that was connected for 2 min once every hour. The sample was first drawn through a zirconium cell based O 2 analyzer and then through an infrared CO 2 analyzer by a sampling pump (model S3-A and CD-3A and R2 respectively, Applied Electrochemistry Inc). The O 2 sensor cabinet was continuously flushed with outside air by a small aquarium pump. We initially calibrated the zero point of the CO 2 analyzer with outside air passed through a canister of Ascarite, and the span point was set using a cylinder of calibration gas. During recordings we manually supplied a sample of calibration gas to the analyzers two times per day. These samples were supplied through the rotameter and distribution tube normally used for reference air. The flow meters and analyzers were interfaced to a computer though a 14.5 -bit A/D converter (model 481, Omega engineering, Stamford, Connecticut). The data acquisition program, LabGraph (S1) also recorded the state of the solenoid valves and connection of calibration gas. The program was modified for the study to correct for calibrations by linear interpolation both for reference and span calibrations. Data were initially calculated on-line and then recalculated by the program after completion to account for calibrations that had not yet taken place when data were stored. The program saves one file per day and calibration search spans multiple files. To correct for respiratory volume change due to respiratory quotients (RQ) different from unity, O 2 consumption and CO 2 production was calculated according to the principle of the Haldane transformation, (S2-S4):
is the measured excurrent flow rate, V & I is the calculated incurrent flow rate (both L/min), F IO2 and F ICO2 is the fraction of O 2 and CO 2 in incurrent air, F EO2 and F ECO2 is the fraction of O 2 and CO 2 in excurrent gas. All gas rates are at STPD conditions. Respiratory quotient,
To calculate weight specific O 2 consumption during hibernation with body mass only determined at time of surgery and after emergence from the dens, body mass lost at any point during hibernation was calculated as total body mass loss times cumulative O 2 consumption up to that point divided by the total cumulative O 2 consumption up to emergence. This method assumed that there were no major changes in substrate use during hibernation, which is consistent with observations of RQ's close to that of pure fat metabolism. To account for missing O 2 consumption data on a few occasions due to a bear pushing the breakaway door open, O 2 consumption was modeled as the existing average consumption of that day if a few hours were missing, or the surrounding days if a whole day was missing, with an addition to account for increase in core temperature based on the heat capacity of body tissue, and the temporarily estimated body mass at that point. When tested on periods with O 2 consumption data, the calculated O 2 consumption was within 10% of the measured metabolism. For the male bear used the last winter there was a 12 day period after recovery from anesthesia during the main surgery when he did not cooperate to let us put the door on the den. For this period we used the average O 2 consumption of the first day after we were able to close the door. He stayed in the den without pushing the door open after that.
The mass flow meters were calibrated at the flow rates used in the experiments by passing gas from a cylinder of compressed air through them and recording the weight loss of the cylinder. The total integrity of the respirometry system was tested before and after each study period by recording O 2 consumption of a lamp burning known amounts of 100% ethanol. The lamp was allowed to burn out, and complete washout of the chamber to take place before retrieving the lamp for re-weighing. The system was regarded to be satisfactory if measured O 2 consumption was within 4% of the theoretical O 2 consumption derived from the weight loss of the lamp.
Analysis of telemetry signals
Body core temperature from the abdominal 27MHz transmitters were received with a modified CB radio transmitter, and the pulse frequency interpreted and recorded by a data acquisition system (Dataquest IV, Mini-mitter Co. Inc., Sunriver, OR). The same system recorded accumulated pulses from the movement detectors interfaced though a consolidation matrix (BCM100, Data Sciences, International, St. Paul, MN). Data were stored for each 5 min interval. The program included filtering that removed T b data out of limits during periods of signal dropout, and during import of these data into LabGraph we applied a filtering algorithm that also included acceptable threshold for differential changes. Data were then inspected and undetected signal dropouts marked, and the program then interpolated across missing data. Signals from the biopotential transmitter were received with a Physiotel Telemetry Receiver (Model RLA1000, Data Sciences, International) modified for external antenna input decoded with a Physiotel Multiplus Analog Adapter (DL-10, Data Sciences, International). EMG signals were passed though a 3-pole custom built high pass filter with a cutoff frequency of 40 Hz and then through an amplifier and an EMG integrator with a time constant of about 0.05 sec (custom model, Burrows Co., Wheeling, IL 60090-0747) . Raw signals from the biopotential transmitter were recorded using SCORE ™ system (Stanford University) at 100Hz. For BB97-02 and BB99-01 and BB99-02 we also used a separate data acquisition system (LabGraph in fast mode interfaced to a Labmaster TM-40 PGL, Scientific Solutions Inc.) that also recorded both EMG amplitude, raw ECG signal derived from the same electrodes and the amplified signal from the differential pressure transducer connected to the den. The recordings lasted for 82s at intermittent intervals from one den at a time. The integrated EMG signal was also recorded in parallel on the computer for the respirometry S5 system and averaged and stored for 1 min intervals. We did not implant BB97-01 with a biopotential transmitter due to failure of the transmitter during prior refurbishment and because replacement was not available.
For calculation of resting heart rate (HR) during mid hibernation defined as the period between January 21 and February 20, 8 selections of 4 minute ECG segments were made from the ECG/EMG SCORE ™ file by typing in an arbitrary record number spread over the mid-hibernation period. If the initial selection contained artifacts from dropouts, movements or strong shivering, the selection was locally moved backwards or forward until undisturbed signals were found. If a clean ECG pattern was not found in immediate vicinity, a new selection was made. Data were exported and graphed in Sigmaplot (Systat Software, Inc., San Jose, CA). HR was derived from manually counting heart beats over a whole number of respiratory cycles and we also measured the longest and shortest interbeat interval within each selection. HR at the day of emergence and 4 weeks or more after emergence was each derived from 6 similar selections.
Post-emergence experiments and data analysis
After emergence the bears were immobilized and weighed. After a post-emergence measurement of O 2 consumption, the feeding of the bears started (canned and dried dog food + apples and carrots in 1992-98, dry dog food in 2000, except the male bear that had to be started on apple and carrots before he would take dog food). O 2 consumption was recorded during night at 4 day intervals after a fasting period of at least 24 h. During most of these measurements it was necessary to block the door to keep the bears from pushing the door open. The bears were then monitored continuously through the night. For one bear it was necessary to construct a remotely released trap door to initially get the door to the den closed without the bear coming out. Once trapped inside the den the bears calmed down and went to sleep. At 9-20 day intervals the bears were immobilized for weighing. Body mass was interpolated between weighing points for calculation of weight specific O 2 consumption. During each recording the lowest level that was maintained for at least 30 min was taken as the minimum metabolic rate for that night. Missing values are due to lack of cooperation from the bear. These measurements continued until O 2 consumption stabilized at a plateau. For minimum metabolic rate during hibernation we divided each month into 3 segments and selected the lowest level maintained for at least 30 min without any major activity for about 3 hours beforehand to represent each of these segments. For all of these measurements we also calculated the corresponding average T b . Data representing mid-hibernation (January 21-February 20) was the average of the last segment of January and first two segments of February. No metabolic rate and corresponding T b data are included from BB99-02 due to her pregnancy.
S6
Average thermal conductance of black bears Due to the cyclic multiday pattern of T b , the conditions for calculating thermal conductance in a state of thermal equilibrium were rarely or never satisfied. Using minimum metabolism in the calculation of thermal conductance, as attempted by Watts (S5) would cause a bias towards too low values, as the bears usually were not in thermal equilibrium when O 2 consumption were at a minimum; instead T b was usually decreasing at maximum rate at this time (main section fig 3, part A-B) . As an alternative method we calculated average thermal conductance over the one month period defined as mid-hibernation (January 21 to February 20) for each individual animal using average O 2 consumption over the whole period divided by the difference between average core body temperature (T b ) and den temperature (T den , Table S1 ). This resulted in a mean thermal conductance for hibernating black bears of 0.0026 ml g -1 h -1 °C -1 (n=3) versus 0.018 ml g -1 h -1 °C -1 of arctic ground squirrels hibernating without a nest at -4 to -8°C or 0.012 ml g -1 h -1 °C -1 with a nest (S6). Thus hibernating Arctic ground squirrels have a thermal conductance 4.5 -7.1 times that of hibernating bears depending on nest insulation. Supporting references
